In 2012, the World Organisation for Animal Health adopted 10 'General Principles for the Welfare of Animals in Livestock Production Systems' to guide the development of animal welfare standards. The General Principles draw on half a century of scientific research relevant to animal welfare: (1) how genetic selection affects animal health, behaviour and temperament; (2) how the environment influences injuries and the transmission of diseases and parasites; (3) how the environment affects resting, movement and the performance of natural behaviour; (4) the management of groups to minimize conflict and allow positive social contact; (5) the effects of air quality, temperature and humidity on animal health and comfort; (6) ensuring access to feed and water suited to the animals' needs and adaptations; (7) prevention and control of diseases and parasites, with humane euthanasia if treatment is not feasible or recovery is unlikely; (8) prevention and management of pain; (9) creation of positive human-animal relationships; and (10) ensuring adequate skill and knowledge among animal handlers. Research directed at animal welfare, drawing on animal behaviour, stress physiology, veterinary epidemiology and other fields, complements more established fields of animal and veterinary science and helps to create a more comprehensive scientific basis for animal care and management.
Introduction
In 2012, the 178 member nations of the World Organisation for Animal Health (also known by its French acronym Office International des Epizooties, OIE) 1 adopted 10 'General Principles for the Welfare of Animals in Livestock Production Systems' to guide the development of specific standards for various animal species (OIE, 2012) . Although stated in simple terms, the General Principles draw on half a century of rapidly increasing scientific research relevant to animal welfare.
Animal welfare science emerged as an interdisciplinary field of research in the 1970s (Duncan, 1970; Wood-Gush et al., 1975; Dawkins, 1977) . The initial stimulus for this work came from public concern over the welfare of animals kept in the then-new confinement production systems. Early research that explicitly addressed animal welfare was largely based on the fields of animal behaviour (Broom and Fraser, 2007) and stress physiology (Broom and Johnson, 1993) , but the relevance of many other fields was quickly recognized. These include veterinary epidemiology, environmental physiology, environmental design, comparative psychology and studies of the behaviour of animal handlers, along with conventional fields such as nutrition and microbiology (Fraser, 2008; Mellor et al., 2009; Appleby et al., 2011) .
Although the research was originally intended to resolve problems in confinement production systems, many of the scientific methods and findings have proven applicable to animals in a wider range of circumstances. The General Principles were designed to capture and summarize the key insights arising from this research. This article uses the General Principles as a framework to illustrate the broad range of science relevant to animal welfare and its application to animal welfare standards and practices.
Genetic selection should always take into account the health and welfare of animals
Genetic selection has been used for millennia to improve the production traits of agricultural animals. Research on animal welfare complements this work by identifying and mitigating often-unintended health and other consequences of genetic change, and by identifying ways that selection can improve animal welfare.
Despite the gains in animal productivity that have been made, genetic selection for extreme production or physical traits can result in abnormalities that impair normal biological functioning. For example, genetic selection for 'double-muscling' in beef cattle breeds such as the Belgian Blue has led to greater risk of dystocia because fetal size is too large for the pelvis of the cow (Murray et al., 2002) . Among dairy cattle that have been highly bred for milk yield, high milk production is associated with an increased incidence of fertility problems and metabolic disorders, such as ketosis (Erb et al., 1985) .
Osteoporosis is widespread in commercial laying hens because genetic selection for high rates of egg laying have led to excessive loss of bone calcium that is repartitioned to egg shells (Whitehead, 2004; Webster, 2004) . Osteoporosis increases the risk of fractured bones in caged birds when they are handled and in non-cage systems when hens fall or sustain injuries during flight (Lay et al., 2011) .
The breeding of pigs for rapid growth and carcass leanness has led to increased osteochondrosis and leg weakness, and to changes in muscle composition that can impair the ability to withstand environmental stresses (Rauw et al., 1998) . Piglet viability is also affected through reduced physiological maturity at birth, and concurrent selection for prolificacy has resulted in greater numbers of litter-mates competing for teats (Edwards, 2002) . Selection of pigs for rapid muscle deposition has also been linked to 'tail-biting', whereby pigs chew or bite the tails of others in the group to the point of causing injury (Breuer et al., 2005) .
Intense genetic selection can also contribute to abnormal behaviour in birds. Selection of broiler chickens for fast growth has resulted in increased appetite (Siegel and Wisman, 1966) , such that birds kept for breeding need to be feed-restricted to prevent obesity and reproductive failure (Mench, 2002; de Jong and Guémené, 2011) . Birds on such limited diets show signs of chronic hunger, including pacing, stereotyped pecking, and excessive water intake (Savory and Maros, 1993) .
Despite such challenges, there are positive examples of genetic section being used to promote animal welfare. In pigs, active selection against the 'halothane gene' has reduced stress-susceptibility and malignant hyperthermia (Wendt et al., 2000) . Breeding dairy cattle for disease resistance, ease of calving and fertility can improve animal welfare, while arguably giving better economic returns than breeding for high milk production alone . Techniques such as quantitative trait locus mapping provide new opportunities to select against problematic behaviour, such as feather-pecking in chickens (Jensen et al., 2008) . The application of group selection to reduce social behaviour problems in laying hens has resulted in strains that can be kept in cages with minimal pecking damage (Muir and Craig, 1998) . These same methods can reduce aggression and competition for feed (Bell et al., 2004; Thogerson et al., 2009) . Genetic selection can also help to eliminate the need for painful procedures. For example, selective breeding of cattle for the 'polled' (hornless) allele avoids the need for surgical dehorning (Stookey and Goonewardene, 1996) .
Good animal welfare also requires a satisfactory match between genetics and the environment. In tropical and sub-tropical environments in Asia and Africa, indigenous breeds of chicken perform better than commercial lines because of their greater tolerance for high temperatures and tropical diseases (Dana et al., 2010; Dessie et al., 2011) . Similarly, cattle indigenous to the tropics (Bos indicus) are well adapted to hot, humid environments and exhibit resistance to tropical diseases, including trypanosomiasis (Mirkena et al., 2010) . In contrast, European breeds (Bos taurus), when introduced to the tropics because of their high milk yield potential, tend to have higher mortality rates and poorer reproductive performance than indigenous breeds because of their more limited ability to adapt to tropical climates, feeds and diseases (Pearson de Vaccaro, 1990; Huertas et al., 2009 ). Breeding programmes have sometimes been used to improve the environmental fit of animals to such climates. For example, the Charbray and Santa Gertrudis breeds of beef cattle (crosses of B. indicus with Europe-sourced breeds) have been bred to suit hot environments (Porter, 2002) .
The physical environment, including the substrate (walking surface, resting surface etc.), should be suited to the species and breed so as to minimise risk of injury and transmission of diseases or parasites to animals
Some of the earliest welfare concerns regarding production animals arose from an apparent mismatch between the animals' adaptations and the environments in which they were kept. Various research methods, including veterinary epidemiology (Ekesbo, 1966) , have been used to explore how an animal's environment influences its health. Some environments contribute directly to injuries. Pigs in many confinement systems are kept on concrete floors which can cause pressure injuries, especially over bony protuberances such as the shoulders (Herskin et al., 2011) . Leg injuries in suckling piglets appear to be caused by both abrasion and build-up of frictional heat when piglets scramble for access to the sow's udder on floors that do not provide sufficient traction (Phillips et al., 1992) . 'Slatted' floors (with openings to allow feces to fall below) can cause hoof lesions, especially if slat dimensions and quality are inappropriate for the size of the animal (Kilbride et al., 2009) .
Hoof disorders of dairy cattle in confinement systems are more likely on concrete (slatted or solid) floors than rubber floors (Fjeldaas et al., 2011) . In pasture-based systems cows often traverse long distances (2-10 km per day) to reach the milking parlour; such travel can increase the risk of foot injuries and lameness, particularly when the terrain is rough and uneven (Martino et al., 2011) .
Laying hens can develop several kinds of foot injuries related to the surfaces on which they stand and walk (Lay et al., 2011) . Ulcerative pododermatitis is seen most often in hens housed in litter-based systems because of the presence of wet litter and feces. Hyperkeratosis is more common in birds held in cages; contributory factors include poor galvanizing of the cage floor and steep floor slope (Tauson, 1998; Weitzenbürger et al., 2006) .
Environments can further compromise animal welfare if they promote the multiplication and spread of pathogens and parasites. Pathogens in soil, bedding and feed are important in the occurrence of listeriosis (Listeria spp.) and coxiellosis ('Q Fever', Coxiella burnetii) in sheep (Mearns, 2007; Scott, 2007) . On dairy cattle farms, contamination with bacteria that cause mastitis tends to be more severe in bedding consisting of digested fecal solids, intermediate on recycled sand and shavings, and lowest on clean sand (Godden et al., 2008) . The spread of digital dermatitis in dairy cattle is facilitated by wet walking surfaces covered with feces (Evans et al., 2012) . The spread of virulent footrot (Dichelobacter nodosus) in sheep and goats is facilitated by wet conditions under foot (Iqbal et al., 2011) . Red mite (Dermanyssus gallinae), a nest-dwelling parasite of chickens that can cause anaemia and deaths, resides in cracks and crevices in the bird's environment and is especially common in non-cage systems (Chauve, 1998; Lay et al., 2011) .
The physical environment should allow comfortable resting, safe and comfortable movement, including normal postural changes, and the opportunity to perform types of natural behaviour that animals are motivated to perform
Certain types of environments can lead to welfare problems by unduly constraining the basic movements and behaviour of animals. Relevant research includes studies of abnormal behaviour and stress physiology in different environments, studies of the environmental preferences of animals and studies that quantify an animal's motivation to carry out given types of natural behaviour, for example by measuring how much work an animal will perform in order to do so (Dawkins, 2004 (Dawkins, , 2008 Fraser and Nicol, 2011) .
Inadequate space is a common problem, especially if animals are crowded to the point that feeding, resting and other basic types of behaviour are affected. In dairy production, overcrowding has been associated with cattle spending less time feeding and lying, and with increased aggression; these changes may help to explain increased stress responses, particularly among individuals of low social rank in the herd (Huzzey et al., 2006 (Huzzey et al., , 2012 Fregonesi et al., 2007a) . Overcrowding increases aggression, injuries and stress responses in pregnant pigs (Barnett et al., 1992; Salak-Johnson et al., 2007) . Overcrowding of caged hens can lead to a reduction in survival and productivity (Adams and Craig, 1985; Bell et al., 2004) .
Behaviour is affected by the quality as well as the quantity of the space. Sows slip less when changing posture on rubber mats compared to metal slatted floors (Boyle et al., 2000) . Growing pigs are able to move from standing to lying more quickly, and with less injury, on floors that provide better cushioning and grip (Scott et al., 2009) . Rubber flooring (compared to hard concrete) improves the gait of dairy cattle, promoting longer strides and better joint flexion, particularly for lame animals (Flower et al., 2007) . The quality of the bedding is a key factor for comfortable resting; for example, cattle prefer to lie on dry rather than wet bedding and they rest for a shorter time if only wet bedding is available (Fregonesi et al., 2007b) .
Animal welfare concerns arise if very small or barren enclosures cause frustration in animals (defined as an aversive state arising when animals are prevented from performing behaviour that they are strongly motivated to perform ; Fraser, 2008) . In domestic fowl, a strong motivation to perform 'nest-building' behaviour is triggered by hormonal events at ovulation, 24 h earlier (Wood-Gush and Gilbert, 1973) . Under natural conditions, the hen separates from the flock 60-90 min before an egg is laid, seeks and enters a nesting site, and then performs nest-building activity (Duncan and Kite, 1989) . Studies using measures of motivation strength, such as pushing against a weighted door, show that pre-laying hens are highly motivated to find a nesting site; hence, an inability to nest is likely to cause significant frustration (Duncan and Kite, 1987; Follensbee et al., 1992) . In cages where nesting is impossible, many hens develop stereotyped back-and-forward pacing, a behaviour characteristic of frustration in this species (Duncan, 1970) .
Pregnant sows also show pronounced nest-building activity before parturition (Jensen, 1986 ). If space is too limited for the behaviour to occur, the animals often show behavioural and physiological signs of stress, and have a greater tendency to attack their piglets (Jarvis et al., 2004) .
Domestic fowl kept in non-cage systems prefer to roost on high perches at night if these are provided (Blokhuis, 1983 (Blokhuis, , 1984 , but standard cages prevent this behaviour. Hens show strong motivation (e.g., by pushing a weighted door) to gain access to perches for roosting, and hens accustomed to roosting show signs of frustration when they are denied access to perches (Olsson and Keeling, 2002) . Hence, prevention of roosting is likely to be another cause of frustration. On the basis of such research, there is a growing trend for animal welfare standards to require that hens be allowed to perch and nest.
Social grouping of animals should be managed to allow positive social behaviour and minimise injury, distress and chronic fear
Production animals are often kept in artificial groups that can either foster positive social behaviour or lead to aggression, injury and chronic fear. Pigs in the wild live in family groups of mixed gender, with males leaving the group when they reach sexual maturity. However, in normal farming practice, males are typically kept in groups of the same age, often with females. If the males are sexually intact, this can result in aggression and sexual 'riding' as the animals reach puberty, causing behavioral disruption, lameness and other injuries (Rydhmer et al., 2006) .
Re-grouping of animals can disrupt established social relations. In dairy cattle, competitive displacements at feeding increased two-fold on the day when unfamiliar cattle were mixed together, while social grooming decreased sharply (von Keyserlingk et al., 2008) . Mixing young and old animals also can have undesired consequences. When first-lactation and older cows were grouped together on pasture, they spent less time eating, more time in competitive interactions, and produced less milk than similar cattle kept in groups of uniform age (Phillips and Rind, 2001) . Introduction of unfamiliar pigs into a group disrupts the social order and leads to fighting that can cause injuries and sometimes death (Turner et al., 2010) . Plasma cortisol concentrations are increased for several days in pigs after social disruption (Barnett et al., 1996) .
In contrast, allowing animals to form and maintain stable associations can create a positive social environment and improve their ability to cope with new stressors. Calves raised in groups form social bonds (Duve and Jensen, 2011) and cows that have been living together during pregnancy mutually synchronize their behaviour once milk production begins (Gygax et al., 2010) . Sows recognize and respond peacefully to familiar pigs, even after several weeks of separation (Arey, 1999) . The presence of familiar individuals can reduce the stress response to challenging situations, such as mixing with unfamiliar animals (Rault, 2012) . For example, the presence of a familiar pig reduces the physiological stress response to social defeat (Ruis et al., 2001) . Heifers introduced into groups of older cows received half of the aggression and showed less disruption of resting if they were accompanied by one familiar individual rather than being moved alone Neisen et al., 2009) .
Adequate space and social company can also stimulate play activities that have various benefits. In suckling piglets, play is increased in environments with ample space and enrichment, and which allow free interactions with the dam or piglets from other litters (Chaloupková et al., 2007; Oostindjer et al., 2011) . Play behaviour appears to be rewarding for piglets, since piglets exhibit anticipation behaviour if the opportunity to play is signaled before-hand (Dudink et al., 2006) . High levels of pre-weaning play also promote play later in life and decrease later aggression and injuries (Donaldson et al., 2002; Dudink et al., 2006) .
5.
Air quality, temperature and humidity in confined spaces should support good animal health and not be aversive to animals. Where extreme conditions occur, animals should not be prevented from using their natural methods of thermoregulation Air quality is important for the welfare of confined animals. Indoor poultry units often have high levels of ammonia and dust. High levels of atmospheric ammonia can cause keratoconjunctivitis in poultry (Quarles and Kling, 1974) , as well as damage to the lungs and trachea (Al-Mashhadani and Beck, 1985) . Production efficiency is often compromised when air quality is poor; for example, feed efficiency of chickens decreases at ammonia levels of 25-60 parts per million (ppm) (Quarles and Kling, 1974; Beker et al., 2004) . In buildings housing pigs, ammonia and other gases released from feces stored under slatted floors can irritate the respiratory tract, and sudden releases of hydrogen sulphide, especially when manure is agitated for pumping out, can prove fatal (Donham et al., 1988) .
Even at levels that do not cause detectable pathology, poor quality air can be aversive to animals. When given the choice, young pigs spend more time in clean air than in air containing ammonia, even at relatively low concentrations (10-20 ppm) (Jones et al., 1996) . Broiler chickens have been shown to avoid ammonia at 20 ppm and higher, even if they have been exposed to such concentrations for most of their lives (Jones et al., 2005) .
Poor air quality can also affect animal welfare by increasing the risk of infectious disease. For example, the risk of bovine respiratory disease is influenced by airborne dust particles, humidity and poor ventilation (van der Fels-Klerx et al., 2000; Snowder et al., 2006) . Protection from extreme weather by access to shelter or shade is also important for animal welfare. In hot weather, the body temperature of cattle can be lowered and their feed intake increased by shade, fans, sprinklers and building designs that enhance passive ventilation (West, 2003; Tucker et al., 2008) . Pigs, which lack sweat glands, are very susceptible to heat stress. In hot weather, they can lose significant heat by evaporative cooling if allowed to express their natural wallowing behaviour (Bracke and Spoolder, 2011) ; showers can assist cooling if wallowing cannot be accommodated (Huynh et al., 2006 ).
Animals should have access to sufficient feed and water, suited to the animals' age and needs, to maintain normal health and productivity and to prevent prolonged hunger, thirst, malnutrition or dehydration
Many decades of nutritional research have led to major improvements in the composition of diets; research on animal welfare complements this work by focusing on how animals gain adequate access to feed and water, and how diets and feeding systems influence the health and behaviour of animals.
Cattle in semi-arid rangeland environments may fail to eat and drink if the available water is unpalatable, as may occur if evaporation leads to a high concentration of magnesium sulphate (Grout et al., 2006) . Feed contaminants, such as mycotoxins, can also lead to animals refusing to eat (D'Mello et al., 1999) .
The social and physical environment can have major effects on feed and water intake. Inadequate space at the feed trough can create competition that limits feed intake in hens (Bell et al., 2004) and cattle (Proudfoot et al., 2009) . The social and physical environment can also interact. Pigs in a group have relatively similar feed intake if there is ample access to feeders, but the lowest ranking pigs eat less than the socially dominant animals when feeder space is limited (Hansen et al., 1982) .
When pregnant sows are fed concentrated commercial diets, their intake is generally restricted in order to prevent obesity. Such animals are in a chronic state of hunger, which appears to promote bar-biting and other stereotyped behaviour (Appleby and Lawrence, 1987; Lawrence and Terlouw, 1993) . The inclusion of dietary fibre helps to reduce such behaviour, presumably by increasing a sense of post-prandial satiety, especially if highly fermentable fibre is used (Meunier-Salaun et al., 2001; de Leeuw et al., 2008) .
Diseases and parasites should be prevented and controlled as much as possible through good management practices. Animals with serious health problems should be isolated and treated promptly or killed humanely if treatment is not feasible or recovery is unlikely
In view of the recognized connection between animal welfare and animal health (OIE, 2012), prevention and control of diseases and parasites are widely regarded as fundamental to animal welfare. Standards and practices can contribute to animal welfare by preventing and controlling diseases and parasites at four levels.
Firstly, protection for individual animals can be provided by a combination of hygiene, vaccination and anti-parasite treatments. For example, comprehensive vaccination programmes protect laying hens from many diseases (Cutler, 2002) , especially if biosecurity, quarantine and other measures are also used (Swayne, 2006) .
Secondly, the spread of disease within a farm can often be limited by management routines such as 'all-in all-out' systems for pigs, which involve cleaning and disinfection of accommodation between agesegregated batches. This reduces the environmental concentration of micro-organisms and prevents vertical transmission of diseases, such as porcine circovirus-associated disease (Madec et al., 2008) and respiratory disease (Stärk, 2000) .
Thirdly, biosecurity barriers can prevent the entry of specific diseases into individual farms. Isolation of poultry from wild birds or rodents greatly reduces the risk of avian influenza and infection with Salmonella spp. (Martin, 2011) . Trichinosis (Trichinella spiralis) in pigs is now rare in some countries, at least partly because modern facilities help to isolate pigs from rodent vectors (Gamble and Bush, 1999) . Swine dysentery (Brachyspira hyodysenteriae) in the USA is also thought to have declined greatly, partly because of the shift toward larger, indoor housing units that have limited the spread of the disease from farm to farm (Hampson et al., 2006) .
Fourthly, well-managed regional programmes can eliminate certain diseases over large areas. For example, concerted regional or national programmes, combined with strict biosecurity and the regular testing and elimination of positive flocks, have essentially eradicated poultry diseases such as fowl typhoid (Salmonella enterica serovar Gallinarum) and pullorum (Salmonella enterica serovar Pullorum) in many countries (Shivaprasad and Barrow, 2008) .
Isolating sick individuals may be important to prevent the spread of contagious diseases (Fox and Gay, 1993; Houe, 1995) . However, social isolation is a cause of stress in many animals (Minton et al., 1992; Boissy and Le Neindre, 1997) . Hence, communal 'hospital pens' are often used to facilitate the treatment of sick animals while separating them from healthy animals.
Euthanasia is important to prevent excessive suffering where treatment is unlikely to resolve a disease. Guidelines for euthanasia (AVMA, 2013) have been developed on the basis of research into humane slaughter (Gregory, 1998; Grandin, 2010) and euthanasia (Woods et al., 2010) . The guidelines provide criteria for when euthanasia should be conducted (Woods et al., 2010) and research-based advice on pre-euthanasia handling, available methods of euthanasia, their efficacy and safety, and their implications for both animal welfare and the disposal or use of carcasses (FAWC, 2003; Shimshony and Chaudry, 2005) .
Where painful procedures cannot be avoided, the resulting pain should be managed to the extent that available methods allow
Painful procedures, such as castration and dehorning, are often used for animal management purposes or to prevent future injuries. Research using behavioural and physiological indicators of pain, including vocalization, physical reactions and hormonal stress responses, has identified practical approaches for pain management for some such procedures .
The level of pain caused by procedures such as branding and castration depends on the specific methods used. In cattle, freeze branding appears to cause less pain than hot-iron branding (Lay et al., 1992; Schwartzkopf-Genswein et al., 1998) and cautery disbudding appears to cause less pain than amputation dehorning (Stafford and Mellor, 2005) . Behavioural and physiological evidence indicates that pain can be mitigated or eliminated by the combined use of local anaesthesia and a non-steroidal antiinflammatory drug in the case of amputation dehorning of calves Mellor, 2005, 2011; Stewart et al., 2009 ) and by local anaesthesia for rubber-ring castration of lambs (Mellor and Stafford, 2000) .
Many poultry are beak-trimmed or bill-trimmed to prevent injury and death due to feather pecking, aggression and cannibalism (Hester and Shea-Moore, 2003) . Methods for beak-trimming include cutting and cauterizing the beak, or applying infrared energy to the area of the beak to be removed. Both methods appear to cause similar short-term pain (Marchant-Forde et al., 2008; McKeegan and Philbey, 2012) , but the infrared technique does not produce an open wound and also reduces the risk of chronic pain or other adverse consequences associated with hot-blade trimming (Hester and Shea-Moore, 2003; Gentle, 2011) . Genetic selection shows promise of reducing or eliminating the harmful behaviours of birds that are currently mitigated by beak-trimming (Hester and Shea-Moore, 2003; Glatz, 2005) .
The sharp teeth of newborn piglets are sometimes clipped or ground to reduce damage to the sow and litter-mates during competition for teats (Fraser, 1975) . The extent of pain involved is uncertain, although the resulting tissue damage may cause later pain (Prunier et al., 2005) . There are advantages to selective clipping, either by clipping only litters where teat competition is significant, or by leaving smaller piglets with intact teeth to improve their competitiveness and survival (Fraser and Thompson, 1991; Robert et al., 1995) .
In some countries, young pigs are routinely castrated to prevent the risk of unpleasant male odours in the meat. This process causes severe acute pain (Taylor and Weary, 2000) and may cause longer-term pain from post-surgical inflammation. General or local anaesthesia reduces the level of surgical pain (White et al., 1995) , but presents other challenges, including the stress of additional handling, plus uncertain efficacy and safety margins of the anaesthetic agents (von Borell et al., 2009 ).
Research has also helped to eliminate some invasive procedures. Tail-docking of dairy cattle was formerly thought to improve cow cleanliness and udder health, but substantial research has not supported these claims (Tucker et al., 2001; Fulwider et al., 2008) . Tail-docking prevents cattle from effectively removing flies from their hindquarters (Eicher and Dailey, 2002) . On this basis, tail-docking is banned, discouraged or declining in many countries (Sutherland and Tucker, 2011) .
The handling of animals should foster a positive relationship between humans and animals and should not cause injury, panic, lasting fear or avoidable stress
Many studies have demonstrated the importance of a positive human-animal relationship for reducing stress and facilitating high productivity in farm animals (Waiblinger et al., 2006; . Negative handling, for example using physical force, electric shock, shouting and rapid movement, can affect the health of animals. Harsh handling of chickens can depress immune function (Gross and Siegel, 1979) and can cause bruises, dislocated joints and broken bones (Gregory and Wilkins, 1989; Newberry et al., 1999) . A negative human-animal relationship, typically demonstrated by animals showing fear and avoidance of humans, is a risk factor for lameness in dairy cows (Chesterton et al., 1989; Rouha-Mulleder et al., 2009) .
Negative handling, when imposed briefly but regularly, can result in fear responses, together with physiological stress responses and reductions in rates of growth and reproductive performance, particularly in pigs (Gonyou et al., 1986; Hemsworth and Barnett, 1991) . In dairy cattle, negative handling increases stress and 'residual' milk (milk not released during milking), with the result that overall milk yield may be reduced (Rushen et al., 1999) . These effects help to explain why milk production tends to be lower on dairy farms where animals commonly show fear responses toward humans .
The equipment used to handle animals can have important effects. Overuse of electric prods when pigs are moved can cause severe stress, leading to increased lactate and glucose levels, and poorer pork quality if negative handling occurs just before slaughter (Hambrecht et al., 2005; Edwards et al., 2010) . In cattle, the use of electric prods before slaughter is associated with higher levels of vocalization (Grandin, 1998 (Grandin, , 2001 , increased stress and poorer meat quality (Warner et al., 2007) . Manual catching of meat chickens for transportation, as is typically done on commercial farms, can lead to stress responses (Duncan et al., 1986) together with bruising and other injuries, whereas well-designed automated systems can reduce these problems (Lacy and Czarick, 1998; Knierim and Gocke, 2003; Delezie et al., 2006) . Selection of animal handlers provides an important opportunity to improve animal welfare and productivity. Studies in dairy, pork and poultry production show that handlers with positive attitudes toward animals (who believe, for example, that animals are sensitive to handling and should be handled in a pleasant, non-threatening manner) often achieve greater commercial performance (Seabrook, 1984; . Research in Australian pig production has shown that measures of attitude, empathy, work reliability and job satisfaction are useful in identifying effective animal handlers (Coleman, 2004) .
Owners and handlers should have sufficient skill and knowledge to ensure that animals are treated in accordance with these principles
Research with dairy cattle and pigs has shown that animal handling and productivity can be improved through training programmes aimed at improving attitudes and behaviour of handlers towards their animals Hemsworth et al., 2002) . Training in specific skills can also be of benefit; for example, training handlers to move animals appropriately can reduce or eliminate the need for electric prods (Grandin, 2010) and the use of good handling techniques can reduce injuries when laying hens are removed from cages (Newberry et al., 1999) .
Discussion
Traditionally, the field of 'animal husbandry' included the feeding, breeding, health care, handling, management and housing of animals. Especially during the 20th century, a number of scientific disciplines began to provide a more rigorous basis for specific aspects of animal husbandry. Notably, research on nutrition, genetics, reproductive physiology and veterinary medicine contributed to better feeding, breeding and health care of animals. At that time, however, there was little comparable research on animal handling, management and housing. Research on animal welfare, drawing on animal behaviour, stress physiology, veterinary epidemiology and many other fields, is now providing a scientific basis for those aspects of animal husbandry for which previously there was a relative paucity of research. Research on animal welfare is also providing a framework for addressing other issues, such as the negative effects of extreme genetic selection and artificial diets. In complementing more established fields of animal science, research on animal welfare is helping to put animal husbandry on a more comprehensive scientific foundation.
Despite this complementary role, animal welfare science departs from conventional animal science in a number of important respects. Traditional animal science generally has focused on enhancing the productivity, efficiency or profitability of herds and flocks as the primary goal, while effects on the welfare of individual animals were seen as secondary (Mellor et al., 2009) . Animal welfare science treats the welfare of the individual animal as the primary concern and improvements in productivity and efficiency as correlated benefits. Nonetheless, this focus on individuals and their welfare will often contribute to economically important aspects of animal production. Welfare problems, such as lameness, injury, social stress and fear of handlers, can result in substantial production problems for many species; animal welfare science provides new tools and insights to address these issues. For example, a focus on the gait of individual cattle has led to a better understanding of lameness and how to prevent it (Chapinal et al., 2009) , and studies of the fear reactions of animals have allowed many insights into production-limiting stress caused by handling .
The General Principles and the underlying research provide the foundation of 'science-based' animal welfare standards, but the term 'science-based' requires some clarification in this context. Animal welfare standards are generally designed to respond to several different concerns about the quality of life of animals, notably the basic health and biological functioning of animals, their affective states (especially unpleasant states, such as fear, pain and frustration) and the ability of animals to live in a manner that suits their natural behaviour and other adaptations (Fraser, 2008) . These concerns often coincide. For example, foot lesions are a problem of basic health, they are likely to cause pain and they may prevent an animal from carrying out important types of natural behaviour.
However, the three concerns are sufficiently different that addressing any one may not lead to a high level of animal welfare when judged by the others. For example, confinement systems with disease barriers may provide excellent protection from infectious disease, but may also result in animals being unable to carry out much of their natural behaviour. Conversely, outdoor systems may allow animals to carry out natural behaviour, but subject them to predation and extreme weather. Due to such discrepancies, different animal welfare standards have been developed to achieve different goals (Fraser, 2006) ; for example, some animal welfare standards specify a maximum of 25 ppm ammonia because higher levels affect basic health, while other standards specify lower values to avoid levels that animals find aversive. Similarly, some standards regarding cages for laying hens require sufficient space to prevent reductions in bird health and productivity, while others also require provision of a perch and nest box in order to accommodate types of natural behaviour that the birds are motivated to perform (Fraser, 2008) .
As these examples illustrate, the process of setting science-based standards involves two steps. The first is a policy decision, often based on a combination of political and ethical considerations, on what animal welfare goals to pursue, ranging from simple survival and satisfactory productivity, through to more comprehensive goals, such as prevention of pain and the accommodation of natural behaviour. This initial decision is often tacit rather than explicit. The second step is to use scientific research to identify the specific requirements needed to meet the goals. Thus, animal welfare standards, even when based on science, still involve policy decisions about which animal welfare goals the standards are intended to address.
To date, a good deal of animal welfare research has been done in response to concerns about animals in intensive production systems. As a result, much research has focused on intensive housing and many animal welfare standards and reforms relate to housing and other environmental factors. However, animal welfare is strongly influenced by many other factors, including genetics, nutrition, disease prevention and the behaviour of handlers. There is a need for further research on how each of these factors contributes to animal welfare in different production systems and how to solve animal welfare problems caused by some existing breeding and feeding practices. More broadly, there is a need for research to take an integrative approach built on the view that good animal welfare requires a complex fit between genetics, housing, handling and other elements of animal husbandry.
Conclusions
The ten 'General Principles for the Welfare of Animals in Livestock Production Systems' adopted by the World Organisation for Animal Health provide a framework to guide the development of specific animal welfare standards for various animal species. The principles are based on decades of multi-disciplinary research relevant to animal welfare. Research on animal welfare complements work in traditional fields to provide a more comprehensive scientific basis for the care and management of animals. 1 See http://www.oie.int/en.
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